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Abstract

A periodic binary array on the square grid is said to be sequential if and only if each row and each
column of the array contains a given periodic binary sequence or some cyclic shift or reversal of this
sequence. Such arrays are of interest in connection with experimental layouts. This paper extends
previous results by characterizing sequential arrays on sequences of the type (1,...,1,0,...,0) and
solving the problem of equivalence of such arrays (including a computation of the number of
equivalence classes).

1980 Mathematics subject classification (Amer. Math. Soc.): 05 B 20.

1. Introduction

A periodic binary sequence B, = {b;} of period n is a sequence of zeros and ones
such that » is the smallest positive integer for which

b,=b,,, foralli,

Such a sequence is clearly determined by any of its segments of length n. A
periodic binary array B, = {b,;} of period n on the square grid is an array each of
whose rows and columns is a periodic binary sequence of period n. Such an array
is called sequential if the same sequence (or its cyclic shifts or their reversals)
occurs in every row and column. (Sequential arrays on square and also on
triangular and hexagonal grids are of interest in connection with some problems
in agricultural statistics; see [3,4,7]). An array of period n can be regarded as
consisting of repetitions of an n X n matrix. In particular, if the array is
sequential, then its corresponding matric has the same sequence (or its cyclic
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shifts or reversals) in every row and column; we shall call such a matrix
sequential.

Two binary arrays will be called equivalent if one can be obtained from the
other by interchanging zeros with ones, by translation, by rotation, by reflection,
or by some finite sequence of these operations. Two n X n binary matrices will
also be called equivalent if they generate equivalent arrays. Thus we have

1.1. DEFINITION. (a) Two n X n sequential binary matrices 4 = (a,;) and
B = (b,;) are equivalent if one can be obtained from the other by a cyclic shift of
rows S, (downwards), a cyclic shift of columns S. (to the right), rotation R
clockwise through 90°, transposition 7, complementation C, or by any finite
sequence of these operations.

We record the action of these operations.
B = Sp(A) if and only if for all i, j, b,,=a

ij i—1,j°
B = S.(A4) if and only if for all i, j, b,;=a

ij i,j—12

B = R(A) if and only if for all i, j, bi=a, ;i1

ij
B = T(A) if and only if for all i, j, b, =a;,

B=C(A)ifandonlyif foralli,j, b,;=1-a,.

i

Thus A and B are equivalent if and only if they are in the same orbit of the group

G X Z,=(Sg,Sc, R,T|SE=S2=R*=T2=1, SgSc = S-Sz,
SZ'R = RSk, SgR = RS, RT = TR3, TS, = SgT, TSy = S.T)
x{(C|C*=1)

acting on the set of n X n binary matrices.

For convenience we let x* denote the sequence xx... x of length k. Thus 0213
denotes 00111.

The sequences for which the sequential arrays have been characterized are

(@) 7(n, k) =10%"10""%"1 when k is 2 or n — 2 or when (n,k) =1, in [2,
Theorem 1] and [5, Theorem 2], and

(i) ¢(n,k)=1%0""* for k < 3 (or k > n — 3), in [2, Theorem 1] and [5,
Theorem 1].

In this paper we shall characterise in Theorem 1 the sequential arrays on
Y(n, k) for any k. One class of examples of these sequential arrays has the
structure of a generalized circulant array, a generalization different from the
x-step circulants, (x, n) = 1, discussed and characterized in [2, Theorem 2}. We
shall show in Theorem 2 that the problem of determining equivalence of these
generalized circulant arrays on (n, k) reduces to the problem of determining
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equivalence of certain integer sequences, and we shall compute the number of
equivalence classes of these sequences in Theorem 3. Finally, we compute the
number of equivalence classes of sequential arrays on Y(n, k) in Theorem 4.
Before stating our results we discuss the generalized circulant matrices which
arise.

1.2. DEFINITION. (a) Let g, n be positive integers such that g divides »n. Let

o= {a = (ay,...,a,) €Z8|Y a,=eg fore = +1,and eq, > 0 for all i}.
Elements of &/ with ¢ = 1 are called positive, and otherwise are called negative.

(b) An n X n matrix C = (c,;) is called an a-circulant matrix, where a € &/, if

Dforl<i<gandl<j<n ¢y ;=c (with subscripts to be read

modulo n), and

(fori>gandl<j<n c;=c_;;i .0

(¢) An array of period n is called a-circulant if it consists of repetitions of an
a-circulant matrix.

i,j—a;

1.3. REMARKS. (a) For 1 < i < g and any j, row jg + i + 1 of C is obtained
from row jg + i by shifting |a,| places to the right if a is positive or to the left if a
is negative. If a is an all-1 sequence, then C is an ordinary (1-step) circulant
matrix. Figure 1 shows a (2, 2, 0, 0)-circulant matrix with first row (8, 4).

1 111 0 0 0 O
0 01 111 0 O
0O 0 0 01 1 1 1
0 0 0 0 1 1 1 1
0 0 0 01 1 11
1 1 0 0 0 0 1 1
1 11 1 0 0 0 O
1 111 0 0 0 O
FIGURE 1

(b) There are many periodic binary sequences ¥ of period n for which an
a-circulant array or matrix is sequential on {, namely if
P = 1M0™"1™207% 170 ™%,
where k > 1, where Ym; + Ln; = n, and where g divides (m, ny,...,m;, n,),
then, with a as in Definition 1.2, the a-circulant matrix C with first row i is
sequential on . In fact the columns of C are cyclic shifts of ¢ if a is negative and
cyclic shifts of the reverse of ¢ if a is positive. (This follows directly from
Definition 1.2, and the details are omitted.) A different construction of sequential
matrices on ¥ was given in [2, Section 2], where it was noted that the Kronecker

product
B®J
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is sequential on v, where J is the g X g all-1 matrix, and where B is a sequential
matrix on

o = 190114072, . lekOfk’

with m, = ge; and n, = gf, for 1 < i < k. We note that some sequential matrices
on y may be obtained by both constructions; for example, if we take the matrix
B above to be the 1-step circulant matrix with first row =, then B ® J is the
(0,0,...,0, g)-circulant matrix with first row ¢. In Figure 2 the first matrix is not
only a (0, 2)-circulant matrix with first row (8, 2), but also a Kronecker product
of the 4 X 4 identity matrix and the 2 X 2 all-1 matrix J. The second matrix is
also sequential on (8, 2); it is a Kronecker product but is not equivalent to an
a-circulant matrix for any a.

1 1.0 0 0 0 0 O 1 1 0 0 0 0 O O
1 1.0 0 0 0 0 O 1 1.0 0 0 0 0 O
0 0110 0 0 O 0 0 0 0 1 1 0 0
0 0110 0 0O 0O 0 0 01 1 0 O
0 0 0 01 1 0 O 0 0110 0 0 O
0O 0 0 01 1 0O 0 0110 0 0 O
0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1
0O 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1
(a) (b)
FIGURE 2

The (0, 2)-circulant matrix with first row ¥(8,2). It is also I ® J where I is
@ the 4 X 4 identity matrix and J is the 2 X 2 all-1 matrix.

b The Kronecker product B ® J where B is a 4 X 4 permutation matrix and J
() is the 2 X 2 all-1 matrix. It is not equivalent to a generalized circulant matrix.

We shall show that when ¢ = (n, k) = 1¥0"~*, then all sequential matrices
on ¢ are equivalent to a matrix obtained by one of these two constructions.

THEOREM 1. Any sequential binary matrix on the sequence
y(n, k) =1%0""%,

where 1 < k < n/2, is equivalent to either

(a) the a-circulant matrix with y(n, k) as first row, for some a = (a,...,a,) €
S, where g = (n, k), or

(b) the Kronecker product P ® J of a permutation matrix P of dimension n/k and
the k X k all-1 matrix J, where here k divides n.

Moreover, any n X n matrix satisfying (a) or (b) is sequential on §(n, k).
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1.4. REMARKS. (a) From Remark 1.3(b) above, the matrices occurring in (a) or
(b) are all sequential on (n, k).

(b) Since the sequences {(n, k) and (n, n — k) are equivalent under comple-
mentation (that is, under interchanging zeros with ones), Theorem 1 also char-
acterizes the sequential matrices on y(n, k) for n/2 < k < n.

The problem now arises of determining conditions for the equivalence of two
generalized circulant sequential matrices on a given periodic binary sequence, in
particular on the sequence y(n, k). We consider this problem for sequences of
the type introduced in Remark 1.3(b). We do not solve the equivalence problem
completely for all sequences of this type, but we do solve it for a subclass of
sequences containing all the (n, k); see Theorem 2 and Remarks 1.6. First we
need the following definitions.

1.5. DerINITIONS. (a) The shift operator o, the reversal operator p, and the
negation operator 1 acting on sequences of integers of finite length are defined by

0(01,. m) (am’ M "am—l)’
p(al""’am) = (4, m—l""’al)’
n(ay,-..,a,) = (-a;,-a,,...,-a,,).

(b) An element a of & (as defined in 1.2) is said to be in normal form if a is
positive and if its last entry is non-zero, that is, if a has the form

a=(0%,b,+1,...,09,b,+ 1),

where / > 1, where the b, and ¢; are non-negative integers, and where Lb, = ¥¢;
= g — I. The operator 7 is defined on the subset &/* of elements of & in
normal form by

7(09,b, +1,...,0%,b,+ 1) = (0%,¢; + 1,...,0%,¢,+ 1).

(c) Two elements a, a’ of &/ are said to be equivalent, written a ~ a’, if and
only if a’ can be obtained from a by a finite sequence of the operations 1, p, o, 7
(we recall that 7 may only be applied to sequences in normal form). Clearly this
relation ~ is an equivalence relation on .&/. We shall sometimes consider the
restriction of ~ to &/ * and still use the notation ~ .

(d) For a binary sequence ¢ of length n, where n is a multiple of g, and for
a € &7, the a-circulant matrix with first row ¢ is denoted by A(a, ¥).

Now with Y as in Remark 1.3(b) (so that A(a, {/) is sequential on ), it is clear
that any a-circulant matrix which is sequential on ¢ is equivalent to either A(a, {)
or A(a, py) (by permuting columns). So the problem of equivalence of gener-
alized circulant matrices which are sequential on ¢ is reduced to the problem of
the equivalence of A(a, ) with A(a’,{) or with A(a’, py), fora,a’ € .«.
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THEOREM 2. (a) Let ¢ = (1™0™ .. 1"0"), where X¥m,+ Xn,=n, and let g
be a divisor of (my, n,,...,m;, n,). Then for a,a’ € o, we have a ~ &’ if and only
if A(a, ) is equivalent to at least one of A(a’,y) and A(a’, py).

(b) Suppose that either py = oy for some u, or py = 0"y for some u, where
¥ =(0m™,1m,...,0™, 1) is the complement of . Then for a, a’ € ¥, we have
that

(i) A(a, ¥), A(a, py) are equivalent, and that
(ii)a ~ a’ ifand only if A(a, ) and A(&', ) are equivalent.

1.6. REMARKS. (a) In Theorem 2(b) we have each a-circulant matrix which is
sequential on { equivalent to A(a, ), and A(a,{) equivalent to A(a’, ¢ ) if and
only ifa ~ a’.

(b) The sequences ¥(n, k) = 1%07~%, 1¥0'1¥0™, and 1'0¥1™0%, where g divides
(k, I, m), all satisfy the conditions of Theorem 2(b).

(c) To refine Theorem 2(b) and Remark 1.6(a) a little, we observe that every
element of &7 is equivalent to a sequence in normal form, so that each generalized
circulant matrix which is sequential on ¢ is equivalent to A(a, ¢) for some a in
the subset &7 * of sequences in normal form. Thus the number of equivalence
classes of generalized circulant matrices sequential on y, with ¢ as in Theorem
2(b), is equal to the number of equivalence classes in 27; this in turn is equal to
the number of equivalence classes in o/* (of the restriction of ~ to 2/*).
Finally we note that equivalent sequences in % have the same number of
nonzero entries.

THEOREM 3. The number N(g, ) of equivalence classes of the equivalence relation
~ in & (or £ *) which have exactly Il nonzero entries is
N ( g 1) =1,
and ifl > 2, then

N(g,1)=% > ¢(d)((g/d)_1) +4l1 )y ¢(d)((g/d)_1)

di(g.]) (lrd) -1 d|(g,v) (Iyd) -1
2
1 (g/d)—l) 1 ([(g—l)/Zl) 1
+ =8 ¢(2d ( + =48 + =8,
4l 1d|(gz,1/2, (24) (ydy-1] 472\ [(1-1)2] 47
where (1) I = 2*v withu > 0 and v odd,
.. 1 iflis even,
(@) o = {0 if lis odd,
1 iflis odd,
(iid) 8,=<0 if lis even and g is odd,

2(g/1) — 1 ifland g are both even,
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. 1 ifldivides g
8, = ’
(iv) 3 { 0  otherwise.
Finally, to complete the enumeration of the equivalence classes of sequential
arrays on ¥(n, k), we have

THEOREM 4. The number of equivalence classes of binary sequential arrays on

Y(n, k) =1%0""% wherel < k < n/2, is

Y N(g 1) +8T(n/k),

1+8gigg

where

5= {1 if k divides n,

0 otherwise,

N(g, 1) is given in Theorem 3, and T(m) is the number of equivalence classes of
m X m permutation matrices as given in [6, Theorem 1).

This theorem depends essentially on the following proposition, which reduces
the problem of equivalence of sequential matrices of the form B ® J defined in
Remark 1.3(b) to the equivalence of the smaller matrices B. We note that the
generalized circulant matrix A(a, ¢ ) is equivalent to a Kronecker product B ® J
if and only if g =k divides n and a ~ (k,0*"!). Thus the summation in
Theorem4isoverl + 8 <1< g.

PROPOSITION 5. Let = (1™Q™ ... 1™<0"), where Ym, + X n,=n, and let g
be a divisor of (my, n,,...,my, n,). Further, let m, = e,;gandn, = figforl1 <i <
k, and let # = (1201, ..1%0%). If B and D are sequential matrices on w, then B
and D are equivalent if and only if B ® J and D ® J (sequential matrices on {) are
equivalent, where J is the g X g all-1 matrix.

The rest of the paper is organized so that Theorem N is proved in section
N+1 for N=1,2,3,4.

2. Classification of sequential matrices on  (n, k)

We prove Theorem 1 in this section. Let D = (d,;) be a sequential binary
matrix on Y(n, k)= 1¥0""% where k < n/2. As the result has already been
proved for k = 1,2 {2, Theorem 1] and k = 3 [5, Theorem 1], we shall assume
that k > 4. We shall denote the ith row of D by R; and the ith column of D by
C; for1 < i < n, and we set g = (n, k). Finally, we shall say that D is b-circulant
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on rows 1,..., p where b = (b,,...,b,) has non negative integer entries (and
p>0,9>0),if R ;. is obtained from R, ,, by shifting b, places to the right
foralllgjg+i<pandalll <ixgq.

We may assume that R, = (n, k) # R, (by applying SgSg for some u, v if

jq+i

necessary). Suppose first that R, = --- = R,. Since R, ,; contains {(n,k),
there is an integer & with k < h < n — k such that R, ., = (0"1¥0"~%~*), Then
as C,; contains y(n, k) foreach i = 1,..., k, it follows that

C,.,= (0¥1%0"~%*) and R,,,=R,,, fori=1,...,k

(see Figure 3). Continuing this argument, we see that the rows and columns of D
are partitioned into sets of size k, where two rows or columns are in the same set
if and only if they are equal. The sets consist of k consecutive rows or columns,
and part (a) of Theorem 1 is true.

k

-—-—

h k

FIGURE 3

Thus we may suppose that no k consecutive rows or columns of D are equal.
Then there exists an integer ¢, satisfying 0 < ¢; < k — 2 and such that R, = - --
= R, .1 # R ,,. Further, we may assume that the first entry of R ., is 0 (if
necessary by applying SASER to D for some u, v). Thus there exists an integer b,
with 0 < b; < n — k ~ 1 such that

(1) Rcl+2 = (0b1+llk0n—k—b1—l).

Since C,,...,C, ,, contain ¥ (n, k), it follows that the first x entries of R, are
all equal to 1, where x = min(k, b, + 1). If b, + 1 > k, then R, = R,, contrary
to our assumptions. Thus 0 < b; < k — 2, and R, = (10" ¥1¥~*) for some u
with b; + 1 < u < k — 1. In particular

(2) dnk = dn,k+1 = 0 and dnn =1.
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Hence, using (1) and (2), we obtain
(3) C.=(1%0""%) and C,,, = (0a*11%0" "k a1),

2.1. LEMMA. There exist non-negative integers b,,...,b, and c,, ..., c; for some
I > 2 such that

@Licicibi+ D)=L ic(c; + )=k
and

(b) D is a-circulant on rows 1, ...,k + 1, where

a=(0%b,+1,...,09b,+1).

PrOOF. We have already defined integers b;, ¢, satisfying 0 < b, < k — 2,
0 < ¢; < k — 2 such that D is (09, b, + 1)-circulant on rows 1,...,¢; + 2. We
shall define the other b,, ¢; recursively as follows.
Suppose that for some positive integer x we have defined non-negative integers
by,...,b,and cy,...,c, with
Y (b +1)<k, Y (,+1)<k
1gigx 1<igx
and such that D is (09,b; +1,...,0% b + 1l)-circulant on rows 1,...,
L cicx(€c; + 1) + 1 (represented diagrammatically in Figure 4).

K
belbzl | | byl

FIGURE 4

First we show that I, _; (b, + 1) =k if and only if £, _; .. (c; + 1) = k.
Assume that 3(b; + 1) = k. Then the kth entry of row X(c; + 1) + 1 is zero, and
Y(c; + 1) + 1 < k + 1. However, by (3) the first k entries in C, are 1, and hence
Y(¢; + 1) = k. Conversely, assume that X(¢; + 1) = k. If ¥(b;, + 1) < k — 1, then
the kth entry in R, , would be 1, whereas by (3) it is 0. Thus X(b;, + 1) = k.
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Next, if one, and hence both, of X, ., . ,(b;+ 1) and X, _, . ,(c, + 1) are less
than k, we have to define b, ., and c,,: assume that b=%, _, (b, + 1)<k
and that ¢ = ¥, _, . .(¢; + 1) < k. Then there exists a non-negative integer c, .,
such that R ,; = --- =R_, . .1 #* R, 4, The kth entry in R_,,, and
hencein R, .y, is1 (since b < k), and by (3) it follows that ¢ + ¢, + 1 =
Y cicxri(c; + 1) < k. Set e = ¢ + ¢, + 2. There exists a non-negative integer
b,,, such that, setting f=b+ b,,, + 1, we have R, = (0/1¥0" *~/). Since
c; + 1 < e < k+ 1,it follows from (3) that the (k + 1)st entry in R, is 1. Thus

b+b,,+1= Y (b+1)<k.
Igigx+1
By the definitionof b, ., and ¢, ,,, Dis (0, b; + 1,...,0%+1 b __, + 1)-circulant
onrowsl,...,e.

It follows that there exists an integer / > 2 and nonnegative integers b,, c;,
1 < i < [ such that (a) and (b) are true. This proves Lemma 2.1.

By the division algorithm there are unique integers ¢ > 2 and r € [0, k — 1]

such that

(4) n=gk+r.

Also there exists an integer m, 0 < m < [ — 1, such that

(5) Y (h+l)<sr< Y (b+1)

lgigsm Igigm+1

(where the expression on the left is zero if m = 0), since r < k = (b, + 1). By
continuing our above argument we deduce that D is a-circulant (with a as given
in Lemma 2.1), onrows 1,...,¢c, where ¢ = (¢ — 1)k + £, _;  ,ui1(c; + 1). (After
this set of rows we must worry about 1’s occurring in column 1.) We may now
easily complete the proof of Theorem 1 in the case where g = (n, k) = k.

2.2. LeMMA. If k divides n, then D is a-circulant, with a as in Lemma 2.1, and
Theorem 1 is true.

PROOF. Let n = gk. Then ¢ = (¢ — 1)k + ¢, + 1 (the parameter m of (5) is 0
here), and R, = (0"~ ¥1%). Since
C1 _ ... = Cb1+1 = (lc1+10n—k1k—cl—1) #* Cb1+2 = (101+Cz+20n‘k1k'c1—cz—2)’
it follows that R ,, = -+ = R, ,; = 12*10"~*¥1*~5~1) Also columns b,
+2,...,b, + by + 3determinerows ¢ + ¢, + 2,...,¢ + ¢, + ¢; + 2 in the same
way as columns 1,..., b, + 1 determined rows ¢ + 1,...,¢ + ¢, + 1. Continuing
in this fashion we see that Dis a-circulant.

To complete the proof of Theorem 1 we assume that r > O (see (4)) and refine
the proof of Lemma 2.2. Set

b= Y (b+1), c=(g-Dk+ Y (c¢+1).

Igi<m+1 1<igsm+1
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We have R, = (04~ Dk+b=(bni1+D]kQr=b+bna1+1) First we determine the entries
of R_,;: the (c + 1)st entries in Ci,_jyxyp and Cgopyprpe1 A€ 0 and 1,
respectively, and it follows that

(6) deyy ;=1 forl<j<b-r, and derrprs1 =0

Next we consider C; = (12107~ *¥1¥~a+1); since the cth entry is O and the
(c + Dstentryis1,itfollowsthatc+1=n—k + ¢, + 2, that is,
(7) r= Y (¢+1).

2gism+1
(In particular m > 1.) Also since the (¢ + D)stentryin C, ,; is1andin C, ., is
0, it follows from (6) that b, + 1 = b — r, that is,
8 r= Y (b +1).

2gism+1
Suppose now that 7 > I, _; < (b; + 1). Then the last entry in R, is 0, and the
last entry in R, , is 1. Thus, by considering C,, it follows that n — ¢ > k, that s,
r2 L ¢icme1(c; + 1), which contradicts (7). Thus

r= 3% (b+1),
lgism

which, together with (8), yields b, = b, ,. It also implies that R, = (0"~*1¥), so
that the first entry of C, equal to 1 is entry ¢ — ¢, ;. By (2) the last entry in C, is
1, and so it follows that c,,,, = ¢;.

If we consider in turn rows ¢ + X, ¢; <, (¢;+ )+ 1form +2 <j </land

rows gk + ¥, ;¢ j(c;+ 1)+ 1forl <j < m, wewill find as above that
b,=b,,, and ¢;=c,,; foralli>1,
where the subscripts are to be read modulo /. Thus, if s = (m, /), it follows that
bj=b,;, and c¢;,=c,,; foralli.

Hence a = (a')’/*, where a’ = (0%, b, + 1,...,0%,b,+ 1) € Z’, and where ¢ =
Ticics(+ 1)y =k/(I/s) = ks/l = L, ., . s(b; + 1). It follows that ¢ divides k,
and, as r=1%,_,_,.(b;+1)=1t(m/s), t also divides r, and hence ¢ divides
(n,k) = g. Let g = tu. It follows from our arguments that D is a-circulant and
hence is (a’)“circulant. Finally, (a’)* = (0, b, + 1,...,0%, b, + 1) € Z# with
Licicsulbi + 1) =X, _, ,.(c; + 1) = g. This completes the proof of Theorem 1.

3. Equivalence of generalized circulant sequential matrices
In this section we prove Theorem 2. Let Yy = (1™0™ - 1™0") with rm; +

Ln;=n and let g divide (m,, n,,...,m,, n,). We shall use the operations on
matrices defined in 1.1 and the operations on sequences defined in 1.5. Let
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a=(ay,...,a,) €/ andlet ¢’ = 6""(y), where 0 < u < n, and where v is 0 or
1. It is straightforward to check the following, and the details are omitted.

A(oa, ) = S&sSz'A(a,¥),

A(pa, py’) = Sg'R?4(a, ),

A(na, py’) = RTA(a, §’).
(We note that A(a,oy’) = S-A(a,y").) Alsoifa= (09,5, +1,...,09b,+ 1) €
& * (so that column 1 of A(a, ¥’) is then a1 *1py’), then

A(7a,py’) = Sc¢"DTA(a, ¥),

and

A(nra, §) = S&*'RA(a, ¥').

It follows from these equations that if a’ € &/ can be obtained from a € &/ by a
finite sequence of the operations o, p, 1, T, then A(a, ) is equivalent to A(a’, )
or A(a', py).

Conversely, suppose that a, 2’ € &/ and that A(a,y) and A(a’,{y’) are equiva-
lent, where now 4y’ is either ¢ or py, that is, A(a’,¢’) can be obtained from
A(a, {) by applying an element of the group G X Z, defined in 1.1. Each element
of this group has a unique representation as SgSZRT?C®, where the integers a,
b€ [0,n— 1), c €[0,3]and 4, e € [0,1]. Thus we have

A(a, ) = SESERTICA(a’,{').
If e = 1, then A(a, ) is sequential both on ¢ and on its complement ¥, so that
Y’ = a“%’ for some u, v, and we have CA(a’,y’) = A(a’,{') = S¢A@’, p*Y').
Thus we may assume that e = 0. Also if d = 1, then TA(a’, ') = R4(na’, py"),
so that we may assume that d = 0. Clearly there is an integer # such that ¢“a’ (if
a’ is positive) or o“na’ (if a’ is negative) is in normal form, that is, has the form
09,b, +1,...,0% b, + 1). Since A(a’, ') = SESFA(e"a’, §’) for some v, w, and
since (SESERYNSESY) = SiSERe for some x, y, it follows that we may assume
that a’ or ma’ is in normal form as above. If a’ is in normal form, then
RA(@', ') = Sz(a*DA(nra’, §’), while if na’ is in normal form, then
RA(«',¥') = R*T(RTA(2',y')) = RTA(na’, py’) = R2S@+A(rna’, {')

= Sc@*DR2Y(rya’,¥’) = Sz *DSA(pTya’, py’).
Thus we may assume that ¢ = 0. Finally,

SESLA(, ¥) = SZA(o*x' . ¥) = (o™, oY)
for some x and we conclude that a ~ a’. Thus part (a) of Theorem 2 is proved.

If py = 0"y for some u, then A(a, py) = A(a,0%) = S¢A(a, ¥), and therefore
A(a,¢) and A(a, py) are equivalent. Similarly, if py = 0%}, then A(a, py) =
StA(a, ¢) = SXCA(a, V), and again A(a,{) and A(a, py) are equivalent. Thus, if
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either of these two conditions is satisfied, then it follows from part (a) that a ~ a’
if and only if A(a,y) is equivalent to A(a’,¢). This completes the proof of
Theorem 2.

4. Enumeration of the equivalence classes of .«

In Remark 1.6(c), we observed that equivalent sequences in ./ had the same
number / of nonzero entries for some 1 < / < g. We also observed that every
element of o/ is equivalent to an element in normal form. Hence we shall
calculate the number N(g, /) of equivalence classes of the restriction of ~ to the
set &/* of elements of &/* with exactly / nonzero entries. If /=1, then
N(g,1) = |o*| =1, so we shall assume that 2 </ < g. First we describe the
equivalence relation on «7* in a different way which will allow us to use the
technique of “Burnside counting” (see [1], p. 191) to compute N(g, /).

We define operations o*, p*, 7* on &/* which are analogous to o, p, 7 as
follows: for

a=(0,b,+1,...,00b,+ 1) € 7,
let
o*a=(0%b,+1,0%,b, +1,...,0%1,b,_, + 1),
p*a=(0°b,_,+1,...,b; + 1,0%,b, + 1), and
m*a=(0h,c, +1,...,0%, ¢, + 1).

4.1. LEMMA. For a, 8’ € o/,*, a is equivalent to &' if and only if a’ can be obtained
from a by a finite sequence of the operations o *, p*, T*.

PROOF. Since, applied to a = (04, b, + 1,...,0% b, + 1), we have 0* = 0"},
p* =07 'p, and 7* = 1, it follows that if a’ can be obtained from a by a finite
sequence of a*, p*, 7*, then a’ ~ a. Conversely, suppose that a ~ a’, that is, a’
can be obtained form a by a finite sequence of o, p, 7, 7. As 7 commutes with the
other three operations, and as a and a’ are both positive, we may assume that 7
does not occur in this sequence. Also, as p = op* and 7 = 7*, we have

a = oulp*"lar*wl “ee o“:p*”t:’-*w'a

for some non-negative integers u,, v;, w; with at least one of u,, v,, w, positive for
each i, and some ¢ > 1. Since p* and 7* are only defined on elements of X,
and since a’ and a are in «/* it follows that for each i, 6% is a possibly trivial
power of ¢*. This proves the lemma.
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4.2. LEMMA. The operations o*, p*, T* generate a group
H = (o*,p*l(o*)l = (pm)2 =1, p¥e* = 6*'1p*) X (’r*|(’r*)2 = 1>

isomorphic to the direct product of a dihedral group of order 21 and a cyclic group of
order 2. Each element of H has a unique expression of the form

h=(c*)“(p*)"(v*)",

where 1 < u < I, and where v and w are 0 or 1. Elements of * are equivalent if
and only if they lie in the same orbit of H acting on #,*, as defined above.

The proof of Lemma 4.2 is straightforward and is omitted. We may now apply
the theorem of Burnside [1, p. 191] to obtain

1
N(g,0))=5; L F(h),
heH

where F(h) is the number of elements of 2/* fixed by h. To complete the proof
of Theorem 3 we compute F(h) for each h € H. To help in this computation we
note that elements of H which are conjugate to each other fix the same number of
elements of =7;*, so we divide our work into the following cases.

l.A=o*,1<mxg]l,

2 h=0*1*1<m<xg|,

3(a). A = p*

3(b). h = p*r*
(If ! is odd, then H contains / elements conjugate to p*, namely o*™p* for
1 € m < [, and / elements conjugate to p*r*, namely o *"p*7* for 1 < m < I. So
these cases are sufficient to complete the computation for / odd. If / is even, then
H contains //2 elements conjugate to each of p*, p*r*, o*r*, and o*p*r*, so we

add Case 4.)
4(a). h = o*p*,
4b). h = o*p*r*.

Finally, for use in the computation we note that the number c(m,n) of
compositions of a positive integer n into m nonzero parts is

9) c(m,n)=(n_1).

m-—1

We shall always writea = (09, b, + 1,...,0% b, + 1) € oZ}*.

Casel. h = o*™, where 1 < m < I. Here 6*™a = a if and only if, for all i,

by _pmii=b, and ¢,_,,;=c,
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where subscripts are to be read modulo /. Setting e = (/, m), we have integers u, v
such that u(/—m)+vl=e Hence b,=b;_,y.;= " = byy_my+i = bos;
(reading the subscripts modulo /), and similarly ¢, = ¢, ; for all i. Thus a =
0, b, +1,...,0%b,, )¢, where | = ed, and where g = (L, ,..(c; + 1))d, so
that d divides g also (or no such a exists). The number of choices of ¢;,...,c, is
c¢(l/d, g/d), and these determine the rest of the c¢,. Similarly, the number of
choices of b,,...,b, is c¢(l/d, g/d). For this given value m, d is I/(I, m).
Further, for any divisor d of (g, /) there are (by definition of ¢) exactly ¢(d)
integers u such that 1 < u < d and (u, d) = 1, and hence there are exactly ¢(d)
integers m(= lu/d) such that 1 < m < I and (m, 1) = I/d. Hence, using (9), we
obtain

(10) S Fo™)= % ¢(d)(‘g/‘”'1).

lsmxgl! d|(g,1) (l/d)_l

Case 2. h = a*™r* where 1 < m < I. Here 0*™r*a = a if and only if, for all i,
biomsi=¢; and ¢;_,,;=b,

As in case 1, setting e = (I, m) and I = de, we find that this is true if and only if,
for all i, b,,; = ¢; and c,,; = b;. Thus the b, completely determine the c;, and,
forall i, b,,,; = b,. If d is odd, then a similar argument yields b, , ; = b, for all i,
while if d is even, then we do not have this extra restriction. Thus, if d is odd,
then F(h) is ¢(l/d, g/d) if d divides g and is zero otherwise (by a similar
argument to Case 1). If 4 is even, then F(h) is the number of choices of
byy....by, with X; _, ,.(b; + 1) = 2g/d, namely, c(2//d,2g/d) if d/2 divides
g and zero otherwise. So that we can isolate the even and odd divisors of /, we set
| = 2%, where u > 0 and where v is odd. Then we have

(11)
wmok) = (g/d) -1 (g/d) -1
1<§<’F(o ) dlgv)qb(d)( (iyd) -1 ) +81d|(§1/2)¢(2d)( (lyd) -1 )

where 8, is 0 if / is odd and is 1 if / is even.
Case 3(a). h = p*. Here p*a = a if and only if, for all i,
bj=b,_;, and ¢;=¢p ;.

Suppose first that / is odd and set x = b, and y = ¢,y ,- Then by,..., b4y,
and b, determine all the b; and, since g = x + 1 + 2%, 4-1)2(b; + 1), they
can be chosen, for a given x, in c((! — 1)/2, (g — x — 1)/2) ways; we require
g — x — 1 to be even. Similarly c,,...,¢,_1),, and ¢, determine all the ¢,
and can be chosen, for a given y, in c((! — 1)/2, (g —y — 1)/2) ways; we
require g — y — 1 to be even. Thus x, y € [0, g — /], and both have opposite
parity to g, hence the same parity as g — /. Thus, even when / = 3, we have

o[ (g—x=3)/2\((g-y—3)/2
F(”)"Z( (1-3),2 )( (1-13)/2 )
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where the summation is over all x, y € [0, g — I] of the same parity as g — /, that

F(p*) = {Z((g(;f;)j;ﬂ)}z

since
q r+1
(12) = (5)-(0%1)
peacr p p+1
Similarly, in the case where / is even, we set x = b, and y = b, ,. If / = 2, then
¢; = ¢, = (g — 2)/2, so that g must be even (or F(h)=0),and x=g—2 -y
€ [0, g — 2]. So we have

F(p*) = 0 if gisodd, I =2,
)= (g—-1) ifgiseven,l=2.
For /> 4 and even, by,..., b, ;, x and y determine all the b, and, for given x

and y, can be chosen in c¢(//2 — 1, (g — x — y — 2)/2) ways; so we require
g — x ~ y to be even. Similarly ¢, ..., ¢, ,, determine all the ¢; and can be chosen
in ¢(1/2, g/2) ways, so that g must be even. So if g is odd, we have F(p*) = 0. If
g is even, then

<Hw)=z(“‘x'y‘4Vﬂ(@:2Vﬂ,

(1-4)/2 (1-2),2

where the summation is taken over all non-negative integers x, y of the same
parity such that x + y < g — I. Then, upon setting x + y = 2z, we see that each
pair x, y determines a unique z € [0, (g — /)/2), and each such z determincs
2z + 1 pairs x, y. Thus

o [(g=2,2 (g—oﬂ—z)
Flov) = ( (1-2)2 )o<z<(zg:—1)/2(2z * (1= 472
(g-2),2 (g-4)/2-2
=hb¢VJ&g_”Z((w4V2)

~a-2z(% 20
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since
q qg+1
(13) @+ 0(3) =+ 0(17]).
both summations ranging over z in [0, (g — /)/2]. Then, using (12) again, we
obtain
oo ((g=272Y[ _\[(e=-22) _,_ (g/Z)}
Fle) = ( (1-2),2 ){(g 1)( (1- 2)/2) (I=2{
_((g=2),2)’ N
= ((1_ 2)/2) (2g/1-1).
Putting all these results together, we have
[(s-1)/2] )2
14) F(p*)=296 ,
1 for / odd,
where 8, = {0 for / even and g odd,
2g/l — 1 forland g both even.

Case 3(b): h = p*r*. Here p*r*a = a if and only if, for all i,
bi = C,_,- al'ld C,—_,_l = bl—i’
and this is true if and only if, for all i, b, = ¢, = (g//) — 1, so that g must be
divisible by /. Thus
1 if / divides g
) = = ’
(15) F(p*r*) =38,, where$, {0 otherwise.
Case 4(a): h = o*p*. Here o*p*a = a if and only if, for all /,
biyy=b_; and ¢y =c¢, ;.
If I is odd, then the b, i # (! + 1)/2, and the c;, i # 1, occur in pairs. If / is
even, then the b, and the ¢, i # 1, (/ + 2)/2, occur in pairs, and we obtain, in all

cases,
(16) F(o%*) = F(p*).
Case 4(b): h = a*p*r*. Here o *p*r*a = aif and only if, for all i,

biyv=cpys c2=b_,

and this is true if and only if, for all i, b, = ¢; = (g/]) — 1; in particular, g must
be divisible by /. Thus

(17) F(a**r*) = F(p*7*).
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Putting all these results together, we find (from equations (10), (11), (14), (15),
(16), (17)) that

L F(h)= ¥ ¢(d)((8/d)—1)2

heH di(g, D (lyd) -1
5 s@(@D s 5 sen|(®07 )
di(g,v) (i7d) -1 d1(z.1/2) (lyd) -1
[(g-1)/2] )
+16 + 18,,
2( [(1-1)/2] ?
where u, v, 8,, 8,, 8§, are as defined above. This completes the proof of Theorem

3.

5. Enumeration of the equivalence classes of sequential arays on (7, k)

In the final section we complete the proof of Theorem 4 by proving Proposition
5. Theorem 4 follows immediately from this on taking { = (n, k).

PROOF OF PROPOSITION 5. As in Section 3, B and D (respectively, B ® J and
D ® J) are equivalent if and only if there exist integers a, b, ¢, d, e (respectively,
v,w, X, ¥, z) such that

(18) B = SESERTYCe(D), (B ®J = SESER*T’C*(D ® J)).
We note that
C(DeJ)=C(D)®J,
T(D®J)=T(D)®J,
R(D®J)=R(D)®J,
SgEste(D ® J) = SESi(D) @ J.

It follows immediately that the equivalence of B and D implies the equivalence
of B® Jand D ® J. Conversely, if B ® J and D ® J are equivalent, so that (18)
holds, then, from the equations above, we may assume that x =y =z = 0.
Hence, if we consider the form of the two matrices as Kronecker products, we see
that (18) can hold only if v and w are both multiples of g, whence B and D are
equivalent.
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